We observed Betelgeuse using ALMA's extended configuration in band 7 ( f ≈ 340 GHz, λ ≈ 0.88 mm), resulting in a very high angular resolution of 18 mas. Using a solid body rotation model of the 28 SiO( =2, J=8-7) line emission, we show that the supergiant is rotating with a projected equatorial velocity of eq sin i = 5.47 ± 0.25 km s −1 at the equivalent continuum angular radius R star = 29.50 ± 0.14 mas. This corresponds to an angular rotation velocity of ω sin i = (5.6 ± 1.3) × 10 −9 rad s −1 . The position angle of its north pole is PA = 48.0 ± 3.5
Introduction
The final stages of the evolution of massive stars are complex and still poorly understood, in particular with respect to the physical mechanism of their mass loss. The modeling efforts reported by Meynet et al. (2013) , Dolan et al. (2016) , and Wheeler et al. (2017) conclude that the nearby red supergiant Betelgeuse will explode as a Type II-P or II-L supernova, but diverge significantly on its mass and evolutionary state. A major source of uncertainty of the evolutionary modeling of Betelgeuse is its rotation velocity. The rotation of red supergiants is expected to be slow, due to the considerable inflation of their radius compared to the main sequence. However, as shown by Ekström et al. (2012) , this parameter plays a fundamental role in the internal mixing of the stellar material, and therefore in the lifetime of different stages of the star's evolution. The measurement of the rotation velocity of supergiants is unfortunately difficult, due to their slow rotation compared to the convective broadening of the spectral lines (the macroturbulence is expected at ≈ 10 km s −1 from Chiavassa et al. 2011) , their pulsation, and the perturbations from the inhomogeneous flux distribution at their surfaces (see, e.g., Haubois et al. 2009; Ohnaka et al. 2011 or Ohnaka et al. 2017 for Antares). We present here new spatially resolved observations of the close-in molecular envelope of Betelgeuse in the submillimeter domain using the most extended configuration of the ALMA array (Sect. 2), which we interpret using a solid body rotation model (Sect. 3). We discuss in Sect. 4 the rotation velocity profile of Betelgeuse, the geometrical configuration of its rotation axis, and the possible relations between rotation, convection, and mass loss.
Observations
We observed Betelgeuse with the Atacama Large Millimeter/submillimeter Array (ALMA) during cycle 3 in band 7 (275-373 GHz) (project code: 2015.1.00206.S, PI: P. Kervella). Observations were made in the extended configuration (hereafter TE, baseline lengths of 0.056 to 16 km) on 6, 7, and 9 Nov 2015, using 47 good antennas, for a total of 112 minutes on target. We also collected observations on a more compact configuration (hereafter TC, baseline lengths of 0.013 to 1.2 km) on 16 Aug 2016, using 42 good antennas, for 38 min on target. The same spectral configuration was used for the TE and TC configurations (Table 1) .
Standard ALMA procedures were used for instrumentally derived calibration (system temperature measurements, water A&A proofs: manuscript no. Betelgeuse-rotation-final Fig. 1 . Spectra of Betelgeuse for the spectral windows spw0 to spw3 (see Table 1 ) with the identified spectral lines. The absorption on the stellar disk (red curve, averaged up to 20 mas from the star center) and the circumstellar emission (black curve, averaged between 30 and 40 mas in radius) are represented separately.
vapor radiometry, etc.), bandpass, flux scale, and phase reference calibration. The phase reference source used for the first two TE epochs, J0605+0939, was found to be rather faint and solutions from the broader spectral window (hereafter spw) were applied to the narrower. The brighter J0552+0313 was used for the remainder of observations (9 Nov 2015 , 16 Aug 2016 . After applying these corrections Betelgeuse was split out and all data were adjusted to constant velocity with respect to the local standard of rest ( LSR ). The ALMA frequency scale and velocities are expressed in the local standard of rest kinematic (LSRK), which is the conventional local standard of rest based on the average velocity of stars of the solar neighborhood. In this frame, the velocity of the Sun is 20.0 km s −1 towards α = 18h and δ = +30
• at epoch 1900.0. We made a copy of the data with channels averaged to 15.625 GHz for speed of continuum imaging. We identified the line-free channels and used these to make continuum images for self-calibration, applying the solutions to all data in the same configuration. For the TE data, the best astrometry was obtained for 9 Nov 2015 and this was used as a starting model for the other two TE epochs. The 9 Nov data only were the first to be released and were used for detailed continuum analysis (O'Gorman et al. 2017 ; also see that paper for more observational details) and astrometric analysis (Harper et al. 2017a ).
We subtracted the line-free continuum from the full-spectralresolution, fully calibrated data and made image cubes of all spectral windows for the TE, TC, and combined data, both before and after continuum subtraction. The precise image properties (synthesized beam, sensitivity, etc.) are a function of frequency and atmospheric transmission; to within a few percent the parameters are as follows. The TE-only cubes are sensitive to emission on angular scales up to 2 arcseconds; the TC and combined cubes up to 8 arcseconds. The typical synthesized beam sizes and standard deviation of the noise off-source were 18 mas and 1.3 mJy, 190 mas and 1.7 mJy, 22 mas and 1 mJy, for the TE, TC, and TE+TC combined data, respectively. The primary beam FWHM is approximately 16 arcseconds at these frequencies and we made TC images of comparable size, applying the primary beam correction. However, the results discussed in the present paper use the highest resolution TE cubes and concentrate on the inner hundreds of milliarcseconds where this is not relevant.
Analysis

Detected spectral lines
We detected ten lines of the CO and SiO molecules including several isotopologues, either in absorption only or in both emis- Table 1 . ALMA spectral window (spw) configuration. The listed spw width is the extension of the frequency window. The channel width is the step in frequency of one spectral element of the ALMA cube, translated into radial velocity. Table 2 , and the continuum subtracted spectra are shown in Fig. 1 . The velocity structure of the circumstellar emission of Betelgeuse is visible in the 28 SiO( =2, J=8-7) line channel map represented in Fig. 2 . It is interesting to note that the circumstellar emission of Betelgeuse exhibits a comparable structure to the ALMA longbaseline observations of the close environment of Mira reported by Wong et al. (2016) . Images made at lower resolution and better surface brightness sensitivity from the combined TE and TC data also show extended emission in different molecular emission lines; this will be discussed in a forthcoming paper.
Shell model
The spectral signature of the molecular envelope of Betelgeuse is observed in absorption over the continuum stellar disk, and in emission beyond its limb (see also Sect. 3.3.2). Following Perrin et al. (2004) , Montargès et al. (2014) , and Ohnaka et al. (2009 Ohnaka et al. ( , 2011 we model our ALMA observations using a spherical thin molecular shell of angular radius R shell located above the spherical stellar photosphere of angular radius R star . An important difference with the near-infrared domain is that the considered molecular lines are likely to be excited by maser pumping close to the star. In addition, we expect that a significant absorption from a cool molecular envelope is present in front of both the star and the light-emitting shell. We therefore dissociate the absorption and emission components in our parametrization of the surface brightness I(r) of the star and its molecular shell observed at an angular radius r from the center of the stellar disk. This results in the following model:
Channel map of the continuum subtracted emission from the 28 SiO( =2, J=8-7) line. The velocity offset from the LSR systemic velocity of sys = +4.52 km s −1 is given in the upper right corner of each panel. The field of view is 100 mas × 100 mas.
-over the stellar continuum disk (0 < r < R star ):
with τ cool the optical depth of the cooler material located in front of the star and shell, τ shell the optical depth of the lightemitting thin shell, and G(r) the geometrical projection factor:
-between the stellar limb and the shell (R star < r < R shell ):
-outside of the shell (r > R shell ): I(r) = 0, where I star and I shell are the star's continuum and molecular shell surface brightnesses, respectively. An overview of the model geometry is presented in Fig. 3 . We make the assumption here that the light-emitting layer is optically thin (τ shell 1), which enables us to simplify Eq. 1 (valid between 0 < r < R star ),
and Eq. 3 (R star < r < R shell ) becomes
This static shell model is defined by five parameters: R star , I star , R shell , (I shell τ shell ), and τ cool . We note that we consider the product I shell τ shell as a single parameter, as the optical depth and surface brightness of the emitting shell are degenerate quantities. The absorption and emission is modulated by the profile P( f ) in frequency of the molecular emission line, assumed to be Gaussian (see Sect. 3.3) normalized with a unit amplitude. The solid body rotation of the shell is introduced through a positiondependent Doppler shift ∆ f (δ) of the molecular line profile
where f is the frequency, eq the equatorial rotation velocity, i the inclination of the polar axis on the line of sight, and δ the distance of the considered point to the polar axis. More complex, non-solid body rotation can be introduced by changing the ∆ f law, for instance using latitude-dependent rotation velocity (Domiciano de Souza et al. 2004 ).
Static shell model parameters
In this section, we analyze the 28 SiO( =2, J=8-7) emission line. We chose this line as its intensity profile is the best match to our thin shell model (see Sect. 3.3. 3) out of the four intense emission lines visible in Fig. 1 . A possible reason for the behavior is that this line has the highest upper state energy and therefore traces the regions closest to the star. The lower excitation lines are excited farther away, and this is the reason why the thin shell model is less applicable.
In addition, the 28 SiO( =2, J=8-7) line is also probably excited through a maser process, which facilitates its observation. The channel width of our data cubes is ≈ 0.85 km s −1 so we cannot look for maser spikes in the spectrum and the total line width is greater than 10 km s −1 . The broad line width by itself does not rule out saturated masers, but higher spectral and spatial resolution is needed to identify whether high brightness temperature maser components are present or if the emission is mostly thermal. However, the = 2 (respectively = 1) lines are of similar intensity to the = 0 line, which suggests that the brightness of the excited states is enhanced by the maser process; otherwise, they would be only about 1/6 (respectively 1/2) as bright, although the spectral resolution is not fine enough to allow us to confirm this. This supports the conclusion that masing is present, but it is not definitive. The analyses of the other detected emission lines are presented in Appendices A to C. 3.3.1. Stellar radius R star and surface brightness I star
We determine the R star and I star parameters of the model from the image of Betelgeuse in the continuum computed around the considered molecular line. The continuum image for spw2 is presented in Fig. 4 . The surface brightness I star is measured at the center of the stellar disk. We define R star as the equivalent uniform disk angular radius of the star in the ALMA continuum, that is, at a wavelength of λ ≈ 0.9 mm. As the stellar disk is resolved by ALMA, we estimate R star from the integrated continuum flux I(r, θ) and the surface brightness measured at the center of the disk I star through
For spw2, we measure I star = 74.81 ± 0.14 mJy beam −1 and we obtain R star = 29.50 ± 0.14 mas. The model parameters for the four studied emission lines are summarized in Table 3 .
Line profile P( f )
We determine the line profile P( f ) from the continuum subtracted data cubes using two observables: the absorption at the center of the stellar disk and the emission in the circumstellar shell ring (Fig. 5) . For a homogeneous non-expanding molecular envelope, the two profiles are identical. In the case of a global net spherical outflow (or inflow) of molecular material, the absorption profile will be blueshifted (respectively redshifted) compared to that of the emission ring. The reason is that the absorption component is essentially on the line of sight between us and the photosphere, hence with a minimal radial velocity projection effect. On the other hand, the emission ring is located, on average, in the plane of the sky (perpendicular to the line of sight) for which the projection effect results, for a homogeneous shell, Table 3 . Continuum and line emission parameters of the thin shell models for the four studied lines. The intensities I star and I shell are expressed in mJy beam −1 , the angular radii R star and R shell in milliarcseconds, and the velocities (expressed in the LSR) and line widths in km s We note that we choose to define in this article the line width σ as the standard deviation of the adjusted Gaussian line profile, which is related to the full width at half maximum (FWHM) through FWHM 2.355 σ. For the 28 SiO( =2, J=8-7) absorption and emission line profiles presented in Fig. 6 , the FWHM is therefore 24.0 ± 0.2 km s −1 , and it is similar for the other ALMA SiO lines. The FWHM of the ALMA 12 CO emission line), which extends to larger radii than the SiO emission, is 20.7±0.3 km s −1 . The detected ALMA molecular lines are therefore broader than the FWHM = 18.3 km s −1 value determined by Gray (2000) in the optical domain. Lobel & Dupree (2000) measured a macroturbulent and rotational broadening of FWHM = 20 km s −1 on unblended metallic lines in the near-infrared. In the mid-infrared domain, a narrower FWHM of ≈ 14.5 km s −1 was found by Ryde et al. (2006) for water vapor lines. The ALMA molecular lines thus appear significantly broader than the visible, near-and midinfrared lines. We adopted the emission line velocity as the systemic velocity sys as it is in principle less sensitive to the presence of a radially expanding velocity than the photospheric absorption line. The difference between the two velocities ∆ = abs − emi = +0.28 ± 0.17 km s −1 is small, however, and does not affect the rest of the analysis. We therefore model the line profile P( f ) as a Gaussian of mean LSR velocity sys LSR = +4.52 ± 0.09 km s −1 and width σ = 10.20 ± 0.08 km s −1 (red curve in Fig. 6 ). For the emission components of the three studied SiO emission lines, the systemic LSR velocity of Betelgeuse is consistently estimated between +4.43 and +4.74 km s −1 (Table 4) . It is slightly higher for the 12 CO( =0, J=3-2) line, at +5.56 km s −1 . The weighted average of all emission and absorption component velocities listed in Table 4 (including the CO line) is +4.79 km s −1 , close to the adopted 28 SiO( =2, J=8-7) emission line value.
The adopted emission velocity in the LSR derived for Betelgeuse corresponds to a heliocentric velocity of helio = 20.4 ± 0.1 km s −1 , which is lower by 1.6σ than the velocity of 20.9 ± 0.3 km s −1 found by Harper et al. (2017b) from a weighted mean of four different estimates. The latter were a 100-year average of photospheric radial velocities, the centroid velocity of 4.6 µm scattered CO emission, the central velocity of CARMA CO mmradio emission, and the mean velocity of the co-rotating chromospheric emission as measured by the HST. Given that each velocity estimate is based on a different diagnostic, each with its own systematic uncertainty, and the differences in the emission velocities for the different ALMA lines, we regard the ALMA value as consistent with Harper et al. (2017b) . Azimuthally averaged radial profile of the 28 SiO( =2, J=8-7) line emission (green curve) and best fit model (red curve). It is computed from the sum along the frequency axis of the continuum-subtracted data cube, scaled to the flux level measured at the sky frequency of the line. The shaded green area is the standard deviation of the shell over the considered ring radius. The equivalent uniform disk radius of the star is shown with a solid orange line, and the radius of the shell is represented with a dashed blue line.
3.3.3. Shell radius R shell and surface brightness I shell τ shell
We determine the radius of the thin shell from the location of the maximum flux in the azimuthally averaged radial profile (Fig. 7) . As shown in Fig. 7 , we obtain a value of R shell = 37.8 ± 2.5 mas (equivalent to 1.28 ± 0.08 R star ). The uncertainty is estimated as the standard deviation of the radius of the peak emission measured as a function of the position angle.
To determine the shell's surface brightness I shell τ shell we compute the azimuthally averaged radial profile I(r) of the continuum subtracted surface brightness map. We adopt the model described in Sect. 3.2, convolved with the instrumental beam, to derive the model radial profile. The model profile is adjusted to the ALMA radial intensity profile I(r) (Fig. 7) , using as variables I shell τ shell and the optical depth of the cooler absorbing layer τ cool . For the χ 2 minimization, we used a classical Levenberg-Marquardt algorithm based on the SciPy routine scipy.optimize.leastsq (Jones et al. 2001) . The other parameters R star , I star , R shell , and P( f ) were determined independently as described previously. The resulting parameters are listed in Table 3 . The observed and best fit radial profiles are presented in Fig. 7 . Despite the simplicity of our model (single thin molecular layer over a spherical continuum), the quality of the fit is good up to the angular radius of the shell R shell . We note, however, that our thin shell model does not reproduce well the tail of the 12 CO line emission at larger radii ( Fig. A.1 ), indicating that the light-emitting envelope of this molecular species is extended in radius. We attempted to fit a thick shell model, adding one parameter in the model (the shell thickness), but the results are unstable as the ALMA beam insufficiently resolves the thickness of the shell. In the three panels of Fig. 8 we show the azimuthally averaged ALMA radial profiles as a function of wavelength, the best fit model, and the residuals of the subtraction.
Molecular emission velocity map
The principle of our approach for the measurement of the rotational velocity of Betelgeuse is to map the Doppler shift of the emission line from the light-emitting shell, and fit a rotation model to the resulting velocity map. To isolate the shell's emission over the stellar disk, we must compensate for the absorption component, that is, the first term in Eq. 4. In Sect. 3.3, we determined all the relevant parameters, that is, the continuum surface brightness of the star I star and the optical depth of the cool absorbing molecular shell τ cool . The resulting subtracted data cube shows only the Doppler shifted emission from the shell. At each position of the absorption compensated data cube, we fit a Gaussian profile on the emission line with three parameters: the emission amplitude A emi , the line velocity width σ emi , and the mean velocity emi . The amplitude of the line emission (Fig. 9 , left panel) is inhomogeneous and exhibits stronger emission at the limb along three preferential sectors, to the northeast, south, and northwest of the star. A strong unresolved emission peak is located close to the northern limb of the star, with a surface brightness of A emi = 30 mJy beam −1 . The width of the line is relatively homogeneous over the full map (Fig. 9 , center panel), with a broader velocity dispersion close to the limb. The line velocity map (Fig. 9 , right panel) exhibits a redshifted component to the southeast of the star, and a blueshifted component to the northwest. This is the classical signature of rotation, and we use this map in Sect. 3.5 to derive the rotation velocity of Betelgeuse. The presence of low order, non-radial pulsations (see, e.g., Lobel & Dupree 2001) could in principle mimic the velocity signature of rotation. As is discussed in Sect. 4.4, we determine a position angle of the symmetry axis of the velocity map that is closely consistent with the value reported by Uitenbroek et al. (1998) . This stability is well explained by rotation, but the temporal coherence of non-radial oscillations over a period of 20 years appears more unlikely. In addition, we obtain a projected rotational velocity amplitude (v eq sin i ≈ 5.5 km s −1 , Sect. 4.2) that is comparable to previous measurements. Another indication in favor of a rotational origin for the Doppler shift is that we also observe co-rotating material outside of the stellar photosphere, as shown in Fig. 9 . This behavior is difficult to explain by large-scale non-radial pulsations of the photosphere. For this reason, we interpret the present ALMA observations in terms of the rotation of Betelgeuse. We foresee additional epochs of ALMA observations in the coming years to test the persistence of the velocity distribution in the close environment of the star. As the time scale of the velocity variations observed in the UV domain with the HST is relatively short (a few months; Lobel & Dupree 2001) , a stability of the velocity map over several years would confirm the rotational origin of the observed Doppler wavelength shifts.
Rotation velocity
We adopt the classical solid body rotation model, that we define in the (x, y, z) cartesian coordinate system represented in Fig. 3 . This simple model assumes that the angular rotation velocity is independent of latitude. In this framework, the projected velocity varies linearly as a function of the distance y to the polar rotation axis:
The three model parameters are the systemic velocity sys in the local standard of rest (LSR), the projected rotation velocity eq sin i, and the position angle of the polar axis PA. The inclination i of the polar axis on the line of sight is degenerate with the linear equatorial velocity eq and thus cannot be estimated separately from the radial velocity alone.
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The angular resolution of our ALMA observations provides approximately four resolution elements over the stellar continuum diameter of Betelgeuse. This is sufficient to adjust the solid body rotation model as the correlation between the rotation velocity and the position angle of the polar axis is low. The additional parameter of the expansion velocity exp is, however, largely correlated with the systemic velocity sys and its determination is therefore uncertain. The reason for this correlation is that the average value of the spherical expansion velocity over the stellar disk is equivalent to a change in the systemic velocity. The differentiation between the spherical expansion and systemic velocities is only possible at the limb of the star where perturbations from random velocity fluctuations degrade the quality of the fit.
The rotation models for the 28 SiO( =2, J=8-7) line and the corresponding residuals are presented in Fig. 10 . We set the systemic LSR velocity of the model to the emission ring value emi listed in Table 3 . The best fit rotation model parameters are listed in Table 4 for the four analyzed molecular lines (treated independently), with and without a spherical expansion velocity component. The adjustment of a spherical expansion parameter to the velocity map gives a radial expansion velocity of exp = +0.69 ± 0.08 km s −1 , which is also very low compared to the velocities observed by Ohnaka et al. (2011) . The expansion velocities of the other analyzed ALMA emission lines are less than 1 km s −1 in absolute value, except for the 28 SiO( =1, J=8-7) line that reaches +1.75 ± 0.08 km s −1 . The listed uncertainties of the model parameters have been scaled by (χ 2 red ) 1/2 and are therefore independent of the χ 2 of the fit (that is, they take into account the residual velocity dispersion after subtraction of the model). The maps and figures related to the 12 CO( =0, J=3-2), 28 SiO( =1, J=8-7) and 29 SiO( =0, J=8-7) lines are presented in Appendices A to C.
The correction of the continuum absorption (using the optical depth parameter τ cool ) induces a systematic uncertainty of ±0.10 km s −1 on the projected rotation velocity. We add this systematic contribution quadratically to the error bars. In addition, the molecular shell surrounding Betelgeuse is an evolving Table 4 . The residuals of the fit are plotted in the bottom row, and the beam is shown in the lower left corner. The contour levels are separated by 1 km s −1 intervals. The polar axis is represented with an arrow pointing toward the direction of the angular momentum vector for a right-handed rotating coordinate system. and dynamical environment. The simple rotation model that we adopted does not include a provision for the presence of perturbing bulk motions in the atmosphere, which vary both temporally and spatially. To estimate the associated systematic uncertainties on the adjusted model parameters, we chose the approach to modulate the radius over which the fit is computed by ±15% around the continuum radius of the star R star . This modulation amplitude of 30% corresponds approximately to the ratio of the angular resolution of our ALMA observations (≈ 18 mas) to the continuum diameter of the star (≈ 60 mas). The standard deviation of the model parameters that we obtain through this approach are σ(PA) = 3.3
• for the position angle of the polar axis and σ( eq sin i) = 0.20 km s −1 for the projected rotation velocity. In the following discussion, we adopt these values as systematic
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Discussion
Radial structure of the envelope and stellar wind
The continuum angular radius of Betelgeuse in the near-infrared is ≈ 21 mas (see Montargès et al. 2016 and references therein), and the MOLsphere radius is 25 to 30 mas (Montargès et al. 2014; Ohnaka et al. 2011) . The MOLsphere term, introduced by Tsuji (2000) , designates a non-photospheric molecular layer. The stellar continuum radius that we measure with ALMA is close to 30 mas, and the radius of the molecular emission is ≈ 40 mas. The near-infrared MOLsphere thus closely corresponds to the ALMA continuum radius R star , while the ALMA line emission reaches approximately twice the near-infrared continuum radius of the star. O'Gorman et al. (2015 O'Gorman et al. ( , 2017 established that the apparent continuum radius of Betelgeuse decreases as a power law with wavelength between 6.1 and 0.7 cm, and breaks down at λ = 0.9 mm, the wavelength of the present ALMA observations.
The fact that the radial velocities that we measure on the stellar disk ( abs in Table 3 ) and in the circumstellar emission ring ( emi ) are close to identical (Sect. 3.3.2) implies that there is no significant global wind or large-scale inflow or outflow of material through the molecular layer located at a radius of 40 mas, at the angular resolution of our observations (≈ 18 mas). This conclusion is in agreement with Harper & Brown (2006) . This overall static molecular layer therefore seems to act as a buffer absorbing the kinetic energy of the regular underlying convection cells, but it cannot confine the outflows of the strongest convective cells, hence the formation of focused molecular plumes (Kervella et al. 2009 ). In this scenario, the MOLsphere within ≈ 40 mas therefore includes a globally static spherical component and localized emerging flows of material (see Sect. 4.8 for a more detailed discussion). It should be noted that the deeper molecular layer imaged by Ohnaka et al. (2011) is very turbulent and clumpy (see also Ohnaka et al. 2017 for Antares). The ALMA molecular shell is likely also strongly turbulent, considering the observed emission line widths.
Rotation velocity
From our analysis of the 28 SiO( =2, J=8-7) line, we measure a projected rotation velocity of eq sin i = 5.47 ± 0.25 km s −1
at an angular radius of 29.50 ± 0.14 mas. As listed in Table 4 , the solid body projected rotation velocities from the three SiO emission lines range from 5.47 km s −1 to 5.81 km s −1 . The extreme values are therefore only 1.4 σ apart from each other. The 12 CO( =0, J=3-2) line velocity appears slower at 4.82 km s −1 . We note, however, that the CO emission radial profile deviates significantly from our thin shell model as shown in Fig. A.1 (left  panel) . The CO emission is more extended radially than the high excitation SiO lines, in particular around the systemic velocity. This is expected from previous observations by O 'Gorman et al. (2012) of the 12 CO( =0, J=2-1) molecular emission of Betelgeuse (λ = 1.3 mm). As the measured shell emission includes material located at larger radii from the star, this results in an underestimation of the stellar rotation velocity due to the decoupling of the chromosphere rotation from the stellar rotation beyond 10 au (see Sect. states (Gray et al. 2009 ), this will not affect our kinematic analysis. For this reason, we adopt the velocity determined using the 28 SiO( =2, J=8-7) line. It corresponds to a projected angular rotation velocity of ω sin i = (5.6 ± 1.3) × 10 −9 rad s −1 .
Radial rotation velocity profile
To evaluate whether the MOLsphere is co-rotating with the star or is in detached orbit around it, here we compare the measured projected rotation velocity to the Keplerian velocity. The mass of Betelgeuse is poorly known, and significantly different estimates can be found in the literature (see, e.g., Meynet et al. 2013 , Neilson et al. 2011 , Neilson et al. 2016 and Dolan et al. 2016 ) from approximately 10 to 20 M . Assuming a mass of m Bet = 15 ± 5 M and a radius of R star = 1400 ± 250 R (from our equivalent ALMA continuum angular radius and the parallax π = 4.51 ± 0.80 mas by Harper et al. 2017a ), the Keplerian rotation velocity at the surface of Betelgeuse is K = 45 ± 28 km s −1 . This is approximately a factor of 8 higher than the velocity that we observe in the MOLsphere emission. This is an indication that the molecular shell is corotating with the star, and that, although measured at ≈ 1.3 R star the shell's rotation velocity is a reliable proxy for the rotation velocity of the star itself. We note that the Keplerian velocity K at the surface of the star is also the critical rotation velocity. We therefore conclude that the surface rotation velocity of Betelgeuse is far from being critical, which is consistent with its essentially spherical geometry measured by O'Gorman et al. (2017) . The evolution models including rotation by Ekström et al. (2012) indicate that a 15 M star starting on the main sequence with a rotation velocity of 250 km s −1 (close to critical) reaches the red supergiant stage with an equatorial velocity below 10 km s −1 , which is consistent with our observations.
From spatially scanned HST/STIS spectra, Harper & Brown (2006) measured a projected rotation velocity of eq sin i = 7.0 km s −1 at a radius of 39.2 mas (1.3 × R star ) in the UV domain (λ = 232.5 nm). This measurement is consistent with a co-rotation with the ALMA molecular shell as the scaled velocity 7.0 × 29.5/39.2 = 5.3 km s −1 is identical to the value we measure within its error bar. Uitenbroek et al. (1998) measured a velocity of eq sin i = 5.0 km s −1 at an angular radius or 62.5 mas and at a wavelength of λ ≈ 280 nm (Gilliland & Dupree 1996) . This corresponds to an angular rotation velocity A&A proofs: manuscript no. Betelgeuse-rotation-final Table 4 . Rotation model parameters of Betelgeuse. The position angle of the polar axis PA is in degrees east of north. The listed error bars are scaled by (χ 2 red ) 1/2 to account for the residual dispersion of the fit. They do not comprise the systematic uncertainty that we estimate to ±3. of ω sin i = 2.4 10 −9 rad s −1 , less than half the value we measure with ALMA. It is interesting to note that this layer is actually rotating at a very similar linear velocity to that of the SiO molecular shell we observed with ALMA. It is even closer to the rotation velocity of the 12 CO emission line (Appendix A) that forms, on average, at larger angular radii from the star than the SiO lines.
The distribution of the measured angular rotation velocities as a function of radius is presented in Fig. 11 . Following Harper & Brown (2006) , we propose that the chromospheric material is co-rotating with the star up to a radius of ≈ 40 to 50 mas (1.5 × R star ≈ 9 to 11 au) and for larger radii, it approximately preserves its linear rotation velocity eq sin i, thus decreasing its angular velocity ω sin i. A possible explanation for this velocity profile is that the chromosphere of Betelgeuse is magnetically coupled to the star in rigid rotation up to a radius of 10 au. At larger distances from the star, the weaker magnetic coupling is not efficient enough to drag the charged chromospheric material, and it continues its rotation with the linear velocity acquired at the de-coupling radius. Such an extended and rotationally coherent volume may be structured by the presence of a global, possibly dipolar magnetic field.
Position angle of the polar axis
For the solid body rotation model that we adopt (Sect. 3.5), the determination of the position angle of the axis of rotation of Betelgeuse is robust as its determination relies on the spatial symmetry of the velocity field. In agreement with the IAU recommendation, we define the north pole as "that pole of rotation that lies on the north side of the invariable plane of the solar system" (Archinal et al. 2011) . The position angles for the four analyzed emission lines vary between 45.5
• and 51.9
• (Table 4) . The position angle from the 28 SiO( =2, J=8-7) line is close to the middle of this range at PA = 48.0 ± 3.5
• and we adopt this value as our reference. The rotation of Betelgeuse is therefore retrograde as its right-handed angular momentum vector is pointing to the southwest quadrant.
From HST/GHRS spatially scanned spectroscopy of chromospheric absorption lines obtained through a 200 × 200 mas aperture, Uitenbroek et al. (1998) estimated the position angle of the rotation axis to be 55
• , which was confirmed by Harper & Brown 2006 using archival HST/STIS 25 × 100 mas aperture scans of co-rotating low opacity chromospheric emission lines. This is in good agreement with our determination. The near-infrared interferometric observation by Ohnaka et al. (2011) was recorded using an essentially linear configuration of the VLTI/AMBER interferometer, at a position angle of 73
• . It was therefore roughly aligned with the direction of the rotation axis and the AMBER spectro-interferometry, thus does not show the rotational Doppler line shift.
Inclination of the polar axis, rotation period
The inclination i of the rotation axis of Betelgeuse on the line of sight is particularly difficult to determine from observations, due to it slow rotation and the absence of persistent and traceable surface features. Uitenbroek et al. (1998) proposed that i ≈ 20
• , based on the hypothesis that the hot spot they observed in the southwest quadrant of the UV chromosphere corresponds to the position of the pole of the star, but this association between a UV spot and the polar axis appears fragile. Dupree & Stefanik (2013) reported several epochs of HST/FOC UV imaging observations, where the persistence of the UV hot spot over several years in not demonstrated. In addition, we do not confirm the presence of a hot spot in the southwest quadrant, but rather at a nearly centrally symmetric position angle in the northeast quadrant. The coincidence of the hot spot detected by O'Gorman et al. (2017) with the position angle of the rotation axis may indicate that this spot is located at the pole. This hypothesis, already employed by Uitenbroek et al. (1998) , is difficult to justify unambiguously. One difficulty is that we do not observe in the ALMA data a symmetrical hot spot or molecular plume at the south pole of Betelgeuse. This could be due, for instance, to a random fluctuation of the polar hot spot activity over the 400-day oscillation period of the star. It could also be caused by a latitudinal offset of the hot spots with respect to the polar axis, which would modulate their position with rotation, or to a very long-term cyclic modulation of the polar convective flow. Under the assumption that the northeast spot is located at the pole, as it appears very close to the limb of the star, the inclination of the rotation axis would be i 60
• . Considering the measured eq sin i = 5.47 ± 0.25 km s −1 , the linear equatorial velocity would therefore be eq 6.3 km s −1 , and the angular rotation velocity ω 6.5 × 10 −9 rad s −1 . As a side note, from purely geometrical considerations, the a priori probability that a star's rotation axis has an inclination greater than i 0 (between 0 and 90
• ) is equal to P = cos i 0 . As a consequence, and in absence of direct constraints, it is equally probable that the inclination of the rotation axis of Betelgeuse is higher or lower than 60
• . The 68% probability interval of i can be represented by i = 60 +21 −27 deg, which corresponds to a probable equatorial velocity of eq = 6.5 +4.1 −0.8 km s −1 . We attempted the adjustment of a latitudinal angular differential rotation model (see, e.g., Domiciano de Souza et al. 2004) to the ALMA emission line velocity maps. In the presence of differential rotation, the degeneracy between the latitude and the radial velocity is removed, and it is possible to determine the inclination i of the polar axis on the line of sight. However, the adjustment of this model does not bring a significant improvement of the χ 2 or residuals of the fit compared to the simpler solid body rotation model. This could be due either to the absence of differential rotation or to the perturbation from the random fluctuations of the velocity field (σ ≈ 1 km s −1 ) superimposed on the rotation velocity field. A higher angular resolution would be required to efficiently constrain the differential rotation latitudinal profile and the inclination of the polar axis i. For this reason, we cannot conclude firmly on the inclination of the polar axis on the line of sight.
Combining the newly determined parallax π = 4.51 ± 0.80 mas (Harper et al. 2017a) , the ALMA continuum equivalent angular radius (θ = 29.50 ± 0.14 mas) and the measured eq sin i = 5.47 ± 0.25 km s −1 velocity of the 28 SiO molecular shell , we obtain a rotation period of P/ sin i = 36 ± 8 years. Considering an inclination of i = 60
• , the rotation period would be P = 31 years, within the uncertainty range of our P/ sin i estimate.
Residual velocity dispersion
Once the global rotation velocity pattern is subtracted from the velocity map, the residuals have a low amplitude with a typical standard deviation of only σ ≈ 1 to 1.5 km s −1 (Fig. 9 , bottom row; see also Figs. A.2, B.2. and C.2). These small velocity residuals strongly contrast with the large velocity amplitudes of up to 25-30 km s −1 observed by Ohnaka et al. (2011) in the near-infrared for the carbon monoxide MOLsphere of Betelgeuse, and in the comparable red supergiant Antares (Ohnaka et al. 2013 (Ohnaka et al. , 2017 . These interferometric observations were obtained in the K band (λ ≈ 2.2 µm) and sample the near-infrared, second overtone (∆ = 2) emission of the carbon monoxide molecule. This CO layer is located at approximately 0.94× the radius of the continuum layer of our ALMA observations. The angular radius of the 12 CO( =0, J=3-2) emission line layer is R shell = 39.5 ± 2.9 mas (Table 3) , that is, 1.3× the radius of the ALMA continuum. This is a lower excitation line than the CO lines observed using near-infrared interferometry. The residual velocity map of the solid body rotation model of this line presented in Fig. A.2 shows a dispersion of only σ = 1.1 km s −1 . For the 28 SiO( =2, J=8-7) emission line, we observe residual velocity offsets of ±3 km s −1 peak-to-peak in amplitude over the disk of the star (Fig. 10, bottom panels) . However, the velocity width map (Fig. 9, center panel) shows Gaussian velocity dispersions of up to σ ≈ 13 km s −1 . Such high values cannot be solely due to thermal motions, and indicate the presence of turbulence. We do not see a comparable amplitude in the radial velocity map (Fig. 9, right panel) , which indicates that the smallscale rapid motions are (at least partially) smeared out by the limited ALMA angular resolution. The molecular shell observed with ALMA is therefore likely to be highly turbulent, as is the underlying near-infrared carbon monoxide layer.
A positive velocity residual is visible in Fig. 10 (bottom panels) in the northeast quadrant (also in the other studied emission lines), close to the limb of the star, at a position angle compatible with the continuum hot spot. Its position on the stellar disk implies that geometrical projection effects probably reduce significantly the radial component of the velocity (in addition to the spatial smearing effect). Other velocity spots are present in the northwest (positive velocity offset) and south (negative offset) regions of the star, and close to the center of the star (positive offset). They correspond to regions where the width of the emission line is larger (Fig. 9, center panel) , which suggests that the local turbulence is stronger. The possible relation between these active regions and mass loss is discussed in Sect. 4.7 and 4.8.
Nature of the continuum hot spot
From the analysis of the continuum of the present ALMA observations, O'Gorman et al. (2017) detected a large hot spot (major axis ≈ 20 mas, ∆T ≈ 1000 K) that is visible in the spw2 continuum image presented in Fig. 4 . This spot appears to be closely aligned with the direction of the polar axis (see also Sect. 4.8 and Fig. 13 ). The combination of its enormous extension on the stellar disk (comparable to the continuum radius of the star) and strong temperature contrast (∆T ≈ 1000 K) appear too large to be explained by regular convection cells (Chiavassa et al. 2010 ). The stellar limb even appears to be physically distorted due to its presence.
Several authors have reported the observation of bright spots on the disk of Betelgeuse (Young et al. 2000; Haubois et al. 2006; Ravi et al. 2011; Aurière et al. 2016) , although their presence is not systematic (Burns et al. 1997) . Interferometric observations in the near-infrared domain by Montargès et al. (2016) and Haubois et al. (2009) have shown the presence of temperature inhomogeneities on the infrared photosphere of Betelgeuse. The continuum radius of the star in this wavelength range is approximately 0.7× the continuum equivalent radius measured with ALMA (R star in Table 3 ). The optical interferometric observations therefore correspond to a significantly deeper layer of the atmosphere. The observed surface structures in this wavelength range are generally consistent with the results from radiative hydrodynamics simulations of convection (Chiavassa et al. 2010; Montargès et al. 2014) . Aurière et al. (2016) demonstrated that spectropolarimetry at visible wavelengths makes it possible to detect the presence of hot spots through their depolarization of the continuum spectrum of the star. Using this technique, hot spots have been reported by Tessore et al. (2017b) on Betelgeuse at the epoch of the ALMA observations. The main spot detected by these authors matches the position of the ALMA hot spot (northeast quadrant of the stellar disk) and has a comparable spatial extension (their Fig. 4 ). In the UV domain, Gilliland & Dupree (1996) detected a hot spot at a position angle PA = 235
• (southwest quadrant). The position of this spot is only 7
• away from the direction of the polar axis we obtain from ALMA, but it is located in the southwest quadrant, symmetrically to the ALMA hot spot with respect to the disk center.
Article number, page 11 of 18 A&A proofs: manuscript no. Betelgeuse-rotation-final We propose that the ALMA hot spot is caused by the presence of an exceptionally strong convection cell. We adopt here the term rogue cell to designate such a statistical outlier, by analogy with the abnormally large rogue waves occasionally present in Earth's oceans (Benetazzo et al. 2015) . Although the existence of such rogue cells is putative, the detection of a faint but significant magnetic field on Betelgeuse by Aurière et al. (2010) indicates the presence of strong convection cells able to generate a local magnetic field through a dynamo effect (Dorch 2004; Tessore et al. 2017a ). The hot spot could correspond to a rogue cell sufficiently powerful to eject the hot gaseous material up to several times the radius of the star (see also the discussion in Sect. 4.8). The observed trefoil structure of the molecular shell (see also Kervella et al. 2009 ) suggests that of the order of three rogue cells are currently present on Betelgeuse. This means that they must be a relatively rare phenomenon, with a few cells (or compact groups of cells) present at the surface of the star at a given time. Wasatonic & Guinan (2016) reported that Betelgeuse has increased its effective temperature over the last 20 years. According to the AAVSO light curve presented in Fig. 12 , the star was close to its minimum flux phase in the visible at the time of our ALMA observations; however, it brightened considerably in 2017, reaching its brightest magnitude in the V band in several decades (m V 0.2). This evolution may be due to the development of the ALMA hot spot or to the transit of another rogue convection cell on the stellar disk. The photometric measurements of Betelgeuse late in its observing season are affected by high airmass, however, which could bias the photometry.
Focused mass loss scenario
The principal observed components of the close environment of Betelgeuse are represented in Fig. 13 . The different observations represented in this figure were all obtained between March and November 2015. Considering the typical linear scales (≈ 10 au) and velocities (≈ 5 km s −1 ) of the environment, the evolution time scale for the close-in envelope of Betelgeuse is of the order of 10 years. The morphology of the star's environment is therefore not expected to have evolved significantly between the different observation epochs in 2015.
Several noticeable features are present in the northeast quadrant of the star. There is a remarkable coincidence of the position angles of the rotation axis of the star, the main hot spot reported by Tessore et al. (2017b) from spectropolarimetry, the ALMA hot spot observed by O'Gorman et al. (2017) , and the dust arc detected by Kervella et al. (2016) . Additionally, the molecular emission map exhibits a strong intensity peak close to the position of the main hot spot. We represent in Fig. 13 the emission from the 28 SiO( =2, J=8-7) line, and this pattern is observed in the amplitude maps of all four emission lines (Figs. 9, A.2, B. 2, and C.2). The scenario that we propose to interpret these converging observations is the ejection of gaseous material from the northeast hot spot. The hot spot temperature (T spot ≈ 3700 K; O'Gorman et al. 2017 ) is identical to the effective temperature of the near-infrared photosphere (Perrin et al. 2004 ) located much deeper. This may indicate that the gas in the hot spot is moving upward rapidly from deeper layers, and does not have time to cool down. Alternatively, the spot could be a shock interface between the expanding convective cell and surrounding extended atmosphere, or even a local low density gap in the circumstellar gas density allowing to see deeper and hotter layers. Above the hot spot, the gas can be followed in the northeast quadrant in the ALMA molecular emission maps. The emission extends along three main directions: in the northeast, south, and northwest quadrants. This trefoil distribution matches remarkably well the directions of the plumes detected by Kervella et al. (2009) using VLT/NACO adaptive optics observations in the near-infrared at epoch 2009.0. The persistence of these extended plumes over a period of at least 6 years is an indication that they may correspond to long-lived mass loss ejection spots. Farther out, at a radius of 60 − 70 mas, the ALMA molecular plume unfolds in a partial, light-scattering dust shell detected in visible imaging polarimetry by Kervella et al. (2016) . The position angle alignment of the ALMA molecular plume and the dust shell, as well as their comparable opening angle, point to an outward moving, radial flow of gas that condenses into dust at a radius of 3 R IR . The continuum hot spot has an elongated elliptical geometry, and is located at the limb of the stellar disk. Under the assumption of a radial mass loss flow, this implies that the velocity vector of the ejected material is mostly orthogonal to the line of sight (i.e., within the plane of the sky) and thus has a minimal measurable Doppler component. This is consistent with the absence of a specific signature of the region of the continuum hot spot in the radial velocity map (Fig. 9) , but the confirmation of our focused mass loss scenario will require the simultaneous observation of a continuum hot spot and a clearly coincident radial velocity signature. From geometrical considerations, such a combination would be more easily observable for a hot spot located near the center of the stellar disk.
The alignment in the northeast quadrant of the dust-forming molecular plume with the direction of the pole of Betelgeuse is particularly intriguing. The maps presented by Tessore et al. (2017b) show that a hot spot persisted for almost three years in the northeast quadrant of the disk of Betelgeuse between 2013 and 2016. The polar region of Betelgeuse therefore appears as a specially active region from which a more intense and continuous mass loss than elsewhere on the stellar disk may occur. The hypothesis of an enhanced mass loss at the pole through interactions between the pulsation and rotation was mentioned by Uitenbroek et al. (1998) . We note that several other regions of the star also host hot spots and molecular mass ejection plumes. In our ALMA high angular resolution observations, we are sensitive to the hottest and densest gas, and the molecular emission is detected from the surface of the star up to ≈ 50 mas (2.5× the near-infrared photospheric radius). In a future work, we will investigate the relationship of this inner envelope to larger scale, fainter surface brightness structures using the data obtained on the compact ALMA TC configuration (Sect. 2). Radio observations of Betelgeuse at centimeter wavelengths with e-MERLIN (Harper et al. 2017a) showed the presence of spots at larger angular scales than the ALMA structures.
As a side note, the structure of the close-in molecular and dust envelope of Betelgeuse (see also Kervella et al. 2011 ) may be relevant for the ongoing research on the environment of supernovae explosions (see, e.g., Vlasis et al. 2016; Dessart et al. 2013 Dessart et al. , 2017 . Finally, we note the coincidence of the position angle of the rotation axis of Betelgeuse with the symmetry axis of its large bow shock and with its velocity vector with respect to the ISM (Noriega-Crespo et al. 1997; Ueta et al. 2008; Decin et al. 2012) , which is likely a chance alignment.
Conclusion
Our ALMA observations show that Betelgeuse is rotating with a projected velocity of eq sin i = 5.47 ± 0.25 km s −1 at the equivalent continuum angular radius R star = 29.50 ± 0.14 mas, corresponding to an angular rotation velocity of ω sin i = (5.6±1.3)× 10 −9 rad s −1 . Observations in the UV domain (Uitenbroek et al. 1998) showed that the rotation of the chromosphere at a radius of ≈ 60 mas occurs at a similar projected velocity to the value we measure at 30 mas, and thus at a reduced angular velocity. This suggests a rotational coupling of the star and its chromosphere up to ≈ 10 au or ≈ 1.5× the ALMA continuum radius (R star = 1400 ± 250 R ), possibly of magnetic origin.
As expected for such a very large star, the rotation is slow, but its influence on the mass loss appears significant. The position angle of the rotation axis coincides with a large hot spot located in the northeast quadrant of the stellar disk detected by O'Gorman et al. (2017) . We propose that the principal ALMA continuum hot spot corresponds to a rogue convection cell located close to the pole of Betelgeuse. It is at the origin of an ongoing focused mass ejection. The coincidence of the position angle of the hot spot with the polar axis may be a chance alignment. However, the possible presence of a global magnetic field on Betelgeuse, consistent with the hypothesis of a magnetic rotational coupling of the star and its chromosphere, could have an impact on the local convection efficiency along the magnetic polar axis. A slight misalignment of the magnetic and rotation axes could periodically hide the north and south magnetic polar caps with a period of half the rotation period, that is, of ≈ 15 to 20 years. Such a scenario could explain the presence of a hot spot in the symmetrical quadrant to the ALMA hot spot in the observations recorded by Uitenbroek et al. (1998) in 1995, twenty years before the present ALMA data.
The combination of the ALMA continuum and line emission maps with the polarimetric imaging in the visible reported by Kervella et al. (2016) allows us to trace the ejection of stellar material up to the condensation of dust. The ALMA line emission, however, does not show any global, spherically symmetric outflow of molecular gas at the radius of the molecular shell (≈ 9 au). This suggests that rogue cells are an important ingredient to explain the mass loss of red supergiants. They seem to be at the origin of focused mass loss plumes, powerful enough to eject material at a sufficiently large distance from the star to allow for the condensation of dust. The considerable radiation pressure on the formed dust grains can then carry them out of the star's deep gravitational well. In order to test this scenario, we suggest that the statistical occurrence of rogue cells in rotating, radiative 3D magneto-hydrodynamical simulations should be studied, possibly including internal differential rotation. 
